Lattice constant of Bi 2 Se 3 and Sb 2 Te 3 crystals is determined by X-ray powder diffraction measurement in a wide temperature range. Linear thermal expansion coefficients (α) of the crystals are extracted, and considerable anisotropy between α and α ⊥ is observed. The low temperature values of α can be fit well by the Debye model, while an anomalous behavior at above 150 K is evidenced and explained. Grüneisen parameters of the materials are also estimated at room temperature.
addition, the knowledge of thermal expansion coefficients is necessary for the directional growth of TI crystals and the understanding of the high thermoelectric efficiency 5 .
Large grain polycrystalline Bi 2 Se 3 materials (single crystal grain size >1 mm) were synthesized at Sandia National Laboratories. First, Bi 2 Se 3 pieces (99.999%, from VWR international, LLC.) were placed in an evacuated (<10 −7 Torr) quartz ampoule and melted at 800
• C for 16 hours. The melt was then cooled at 10
• C/h to 550 • C, held for 3 days at this temperature, and finally allowed to furnace cool to room temperature. Single crystals of Sb 2 Te 3 were grown by Bridgman method at Purdue University. Stoichiometric amount of high purity antimony and tellurium (99.999%) was deoxidized and purified by multiple vacuum distillations under dynamic vacuum of <10 −7 Torr, and then heated up to 900
This was followed by a slow cool down under a controlled pressure to minimize tellurium defects. Afterwards, the crystals were grown at a speed of 0.5-1.5 mm/h with a linear temperature gradient set to 5
• C/cm. Bi 2 Se 3 and Sb 2 Te 3 crystals have similar rhombohedral structure with five atoms in the trigonal primitive cell. A straightforward way to visualize the structure is to use a hexagonal lattice with the unit cell being a quintuple layer, as shown in Fig. 1(a) . Like graphite, adjacent Se-Se (Te-Te) layers are hold together by weak van der Waals force.
The XRD patterns were recorded using a Huber G670 imaging-plate Guinier camera 
where L is the lattice constant (i.e., a hex or c hex ), and T is the temperature. Figure 3 To understand the temperature dependence of α(T ), it is instructive to introduce the Grüneisen relation
where c v is the specific heat, γ is the Grüneisen parameter, κ is the bulk modulus, and β = 2α + α ⊥ is the volumetric thermal expansion coefficient. Usually, γ and κ are only weakly dependent on the temperature 9 , indicating that the thermal expansion coefficient has the same temperature dependence as the specific heat. This relationship (α(T ) vs. c v (T )) remains valid for anisotropic materials 10 , therefore we can apply Debye model to fit our data
where α 0 is a temperature independent fitting parameter, and Θ D is the Debye temperature.
Good agreement is achieved in the low temperature regime, as shown by the solid lines in e See Ref. [7] thermal motion at room temperature is about 2.5 kJ/mole, suggesting that the degradation of the van der Waals bond may cause the anomaly in α(T ) at levitated temperatures. These two reasons may also explain the differences in α(T ) between Bi We would like to thank S. Zhou for helping with the chemical structure in Fig. 1(a) .
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